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TGA, and SAA were employed to analyze the EACs. FTIR analysis revealed characteristic absorption 
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Abstract

The contamination of wastewater by Rhodamine B (RhB) poses a significant environmental concern due to its negative
impacts on aesthetics, ecosystems, and human well-being. This study successfully synthesized eco-friendly eggshell-
alginate composites (EACs) as adsorbents by combining alginate solution, eggshell powder, and a 2% CaCl2 solution.
Characterization techniques including FTIR, SEM, TGA, and SAA were employed to analyze the EACs. FTIR analysis
revealed characteristic absorption peaks corresponding to eOH groups, C¼O groups, CeO groups, and the presence of
CO3

2-. The structural analysis confirmed the physical mixture of functional groups from eggshells and alginate, resulting
in a homogeneous EACs mixture. TGA analysis demonstrated the decomposition of eggshell calcium carbonate (CaCO3),
yielding calcium oxide (CaO) and carbon dioxide (CO2) within the 700e800 �C temperature range. SAA results indicated
that EACs exhibited a mesoporous structure (average pore diameter: 20e500 Å) and a higher surface area (6.102 m2/g)
compared to eggshells. The adsorption capacity of EACs for RhB was investigated by evaluating contact time, adsorbent
dosage, pH, and initial concentration. Characterization results validated the successful synthesis of EACs with enhanced
thermal resistance compared to Ca-alginate. Sorption studies demonstrated the potential of EACs as effective adsorbents
for RhB removal from aqueous solutions, following the Langmuir isotherm model with a maximum adsorption capacity
of 151.51 mg/g. Furthermore, adsorption kinetics exhibited a pseudo-second-order model. Thermodynamic analysis
indicated that RhB adsorption onto EACs was exothermic (negative DHo) and spontaneous (negative DGo). The results
underscore the potency of EACs as highly efficient adsorbents for the remediation of RhB-contaminated water bodies.

Keywords: Eggshell/alginate, Rhodamine B removal, Adsorption, Eco-friendly adsorbents

1. Introduction

R hodamine B (RhB) is a ubiquitous synthetic
dye used in various industries, including

paint, leather, paper, and textiles [1,2]. However, its
remarkable stability, resistance to degradation, and
toxic nature pose significant challenges when it
enters the environment, leading to aesthetic, envi-
ronmental, and health concerns [3]. As a result,
addressing the presence of RhB in wastewater be-
comes a pressing issue, necessitating effective and
efficient treatment to mitigate its potential hazards.

Numerous technologies have been explored for
RhB dye removal, including coagulation [4], bio-
logical processes [5], membrane treatments [6], and
photocatalytic degradation [7]. Among these
methods, adsorption has emerged as one of the
most extensively studied approaches due to its
simplicity and effectiveness [4]. Nevertheless, the
quest for an environmentally friendly adsorbent
with exceptional adsorption capacity and stability
remains a persistent challenge.
Several recent articles have emphasized the

importance of developing effective adsorbents for the
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removal of Rhodamine B (RhB) from aqueous solu-
tions. Notably, Chen et al. [8] investigated the
adsorption capacity of activated carbon nanotubes,
highlighting the need for advanced materials with
high adsorption efficiency. Similarly, Tuzen et al. [9]
explored the use of magnetic AC/CeO2 nano-
composites as adsorbents for RhB, demonstrating the
potential of nanomaterials in wastewater treatment.
Alswieleh [10] focused on mesoporous silica nano-
particles and their adsorption performance for RhB,
underscoring the significance of tailored adsorbents.
Additionally, various materials such as zeolites, silica
beads, activated carbon, bentonite, starch, coconut
shell, and rice husk have been reported as potential
adsorbents for RhB removal [11,12]. These studies
collectively highlight the urgent need for innovative
adsorbents capable of effectively removing RhB from
aqueous solutions. Building on these research find-
ings, the present study aims to investigate the
adsorption potential of eggshell-alginate composites
(EACs) as an eco-friendly and cost-effective adsorbent
for RhB uptake.
In line with green principles, the utilization of

eggshells as an adsorbent has gained attention due
to their cost-effectiveness, eco-friendliness, and
biodegradability [13]. Prior studies have highlighted
the adsorption capacity of eggshell powder for
heavy metal ions and organic pollutants [13,14].
However, the inherent limitations of eggshells, such
as solubility at low pH, hinder their application as
adsorbents under acidic conditions [15]. To over-
come this hurdle, the modification of eggshells with
calcium alginate emerges as a viable solution to
create eggshell-alginate composites (EACs) that
enhance stability and performance.
Alginate, a natural polysaccharide derived from

dried brown algae, is renowned for its remarkable
properties, including non-toxicity, affordability, and
gel formation when exposed to divalent cations like
Caþ2 [16,17]. By encapsulating eggshells within
alginate, the resulting EACs offer enhanced stability
and serve as efficient adsorbents.
This study presents a novel approach by modifying

eggshells with calcium alginate, producing stable
eggshell-alginate composites (EACs) as exceptional
adsorbents. In contrast to conventional eggshells, the
EACs overcome limitations such as solubility at low
pH. The primary objective of this research is to
investigate the remarkable adsorption potential of
EACs for Rhodamine B (RhB) dyes, considering
crucial factors such as contact time, EACs dosage,
initial dye concentration, pH, and temperature.
Moreover, the study explores the adsorption
isotherm, thermodynamic, and kinetic properties
associated with the adsorption process. This research

contributes to the utilization of modified eggshells
for enhanced adsorption capabilities, offering valu-
able insights into their application in wastewater
treatment and environmental remediation. The ef-
fects of contact time, EACs dosage, initial dye con-
centration, pH, and temperature were evaluated in
aqueous solutions.

2. Materials and methods

2.1. Materials

In the present study, all reagents used were of
analytical grade. Rhodamine B (RhB), hydrochloric
acid (HCl), anhydrate calcium dichloride (anh.
CaCl2), sodium hydroxide (NaOH), and sodium
alginate were purchased from Merck (Germany).

2.2. Preparation of eggshell-alginate composites
(EACs)

Discarded eggshells were collected from house-
hold waste. After being cleaned and washed, the
eggshells were placed in an oven at 100 �C for 5 h.
The dried eggshells were ground and washed with
demineralized water. Subsequently, the dry
eggshell powder was further dried in the oven at
100 �C for 8 h and sifted to obtain particles with a
mesh size of 80. To prepare the eggshell-alginate
composites, 4 g of eggshell powder were dispersed
into a solution containing 2 g of sodium alginate in
100 mL of demineralized water. The mixture was
stirred for 2 h until a homogeneous mixture was
formed. This mixture was then slowly dripped into a
2% CaCl2 solution to form composite granules. The
resulting precipitates were separated and washed
multiple times with demineralized water. The
composite granules were subsequently dried at
room temperature for 48 h and further dried in an
oven at 60 �C for 5 h.

2.3. Characterization methods

The functional groups present in the synthesized
EACs were characterized using a Shimadzu IR
Prestige-21 Fourier Transform Infrared (FTIR)
spectrometer. Thermal analysis was performed
using a LINSEIS TGA PT-1000 thermogravimetric
analyzer (TGA) with a temperature rise rate of
20 �C/min and a maximum temperature of 900 �C.
The surface and matrix morphologies were
observed using a JEOL JSM-6510 LA scanning
electron microscope (SEM) at magnifications of 5000
times. Surface area and pore analysis were con-
ducted using a NOVA 3200e Quantachrome surface
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area analyzer (SAA), followed by analysis using the
Brunauer-Emmet-Teller (BET) and Barret-Joyner-
Halenda (BJH) methods.

2.4. Sorption studies

The adsorption study involved the batch technique
to determine the adsorption capacity, thermody-
namics, kinetic model, and isotherm model of
Rhodamine B (RhB) adsorption by EACs. Adsorption
measurements were conducted by mixing different
amounts of EACs as adsorbents in Erlenmeyer flasks
containing 25 mL of RhB solution at varying pH
levels. The mixtures were stirred using a magnetic
stirrer at 100 rpm for 3 h on a hot plate. The effect of
several parameters such as the composition ratio of
eggshells and alginates (1:1, 1:2, 1:4, 2:1, and 4:1),
contact time (15e240 min), pH (2e7), adsorbent dose
(0.05e1 g), initial dye concentration (5e500 ppm),
and temperature (26e60 �C) was investigated.
The filtrate obtained after filtration was analyzed

using a UVeVis Spectrophotometer. The adsorption
capacity (qe) was calculated using the equation:

qe¼Co �Ce

w
V ð1Þ

where qe is the adsorption capacity (mg/g), Co is the
concentration of RhB (mg/L), Ce is the final con-
centration of RhB (mg/L), V is the volume of RhB
solution (L), and w is the mass of adsorbent (g). The
results were also evaluated by thermodynamic
studies, simulation of adsorption kinetics models,
and various adsorption isotherms including Lang-
muir, Freundlich, and Sips isotherms.

3. Results and discussions

3.1. Characteristics of the eggshell-alginate
composites (EACs)

3.1.1. FTIR spectra
The infrared characterization of EACs, eggshells,

and Ca-alginate in the range of 450e5000 cm�1 is
presented in Fig. 1. In the spectra of Ca-alginate, a
broad absorption peak at 3426 cm�1 corresponds to
the characteristic vibration of the eOH group.
Additionally, an absorption band at 1027 cm�1 in-
dicates the presence of a CeO group, and an ab-
sorption region around 1613 cm�1 is attributed to
the presence of a C]O group. The FTIR spectrum of
the eggshell exhibits a strong absorption peak at
1425 cm�1, which indicates the presence of a C]O
group originating from CO3

2� in the eggshell.
The FTIR spectrum of EACs displays a broad ab-

sorption peak at 3444 cm�1, which is attributed to

the eOH group. Furthermore, absorption peaks at
1608 cm�1, 1027 cm�1, and 1427 cm�1 indicate the
presence of C]O, CeO, and CO3

2� groups, respec-
tively. The structural analysis confirms that the
functional groups in EACs result from the combi-
nation of functional groups present in eggshells and
alginate. This suggests that there is no chemical
reaction, only physical mixing, resulting in a ho-
mogeneous mixture.
Please refer to Fig. 1 for a visual representation of

the infrared characterization of EACs, eggshells, and
Ca-alginate in the specified wave number range of
450e5000 cm�1.

3.1.2. TGA
Thermal resistance analysis using a Thermogra-

vimetric Analyzer (TGA) was conducted to examine
the behavior of eggshell powder, Ca-alginate, and
EACs as the temperature increased. The TGA
characterization was carried out up to a maximum
temperature of 900 �C, as depicted in Fig. 2. The
three samples exhibited distinct thermal behaviors
in different temperature ranges.
For the eggshells, there was no significant mass

reduction observed in the temperature range of
200e400 �C. However, both EACs and Ca-alginate
displayed a notable decrease in mass within this
temperature range. Furthermore, at temperatures
between 700 and 800 �C, both eggshells and EACs
exhibited a substantial mass reduction, indicating
the decomposition of the primary component,
CaCO3, found in the eggshells, leading to the for-
mation of CaO and CO2. These findings highlight
the thermal decomposition process occurring in the
eggshell and the resultant changes in mass.
The results of the TGA analysis also demonstrate

that EACs possess thermal properties that combine
characteristics from both Ca-alginate and eggshells.

Fig. 1. FTIR spectrum of Ca-alginate, eggshells, and synthesized EACs.
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This indicates the successful formation of the EACs,
where the thermal behavior reflects a synergistic
combination of the individual components,
enhancing the overall thermal resistance.

3.1.3. SEM
Fig. 3 illustrates the scanning electron microscopy

(SEM) images of eggshell powder, Ca-alginate, and
EACs, providing insights into their surface mor-
phologies. The SEM analysis allows for a detailed
examination of the structural characteristics of the
materials.
In Fig. 3a, the SEM image of the raw eggshell

powder reveals an irregular surface morphology
with noticeable variations in pore sizes and coarse
grain structures. These observations indicate the
presence of inherent irregularities and roughness in
the raw eggshell material. Comparatively, Fig. 3b
displays the SEM image of Ca-alginate, which ex-
hibits a smoother and more uniform surface
morphology in comparison to the raw eggshell
powder. The Ca-alginate structure shows relatively
smaller and more evenly distributed pores, sug-
gesting a more refined and controlled composition.

Notably, Fig. 3c showcases the SEM image of
EACs, where a distinct particle structure with thick
and porous edges can be observed. This
morphology suggests that the synthesis process of
combining eggshell powder and Ca-alginate has
resulted in the development of well-defined com-
posite particles. The presence of such porous edges
in EACs indicates their potential as effective ad-
sorbents, as increased surface area and porosity are
desirable for efficient adsorption processes.

3.1.4. Surface area analyzer
Surface area analysis of the adsorbent was con-

ducted using the BET (Brunauer-Emmet-Teller)
method, and the pore properties were analyzed
using the BJH (BarretteJoynereHalenda) method.
Nitrogen adsorption/desorption isotherms were
employed to determine the BET surface area and
BJH pore volume. The results of this analysis are
presented in Table 1.
Upon examination of Tables 1, it is evident that

the synthesized EACs exhibit mesoporous charac-
teristics, with an average pore diameter ranging
from 20 to 500 Å. These mesopores contribute to the

Fig. 2. Thermogram of eggshells, Ca-alginate, and EACs.

Fig. 3. SEM image of a) eggshell powder b) Ca-Alginate and c) EACs with the magnification of 5000�.
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enhanced surface area of the EACs, as evidenced by
the significantly larger surface area (6.102 m2/g)
compared to that of the eggshells.
The BET method utilized in the surface area

analysis allows for the determination of the specific
surface area of the adsorbent, providing valuable
insights into its potential adsorption capacity.
Furthermore, the BJH analysis offers information
about the pore volume and distribution within the
adsorbent material.
Based on the findings from the surface area

analysis, it can be concluded that the synthesized
EACs possess a desirable mesoporous structure,
contributing to their higher surface area when
compared to the original eggshell material. This
increased surface area indicates a greater potential
for adsorption and underscores the effectiveness of
EACs as an adsorbent in various applications.

3.2. Sorption studies

3.2.1. Effect of composition and contact time on RhB
adsorption onto EACs
To determine the effect of composition and con-

tact time on the adsorption of RhB by EACs, 25 mL
of 20 ppm RhB solution was made in contact with
0.1 g of adsorbent at room temperature and a stir-
ring speed of 100 rpm. The adsorbents used were
eggshell powder, Ca-Alginate, Eggshells-Alginate
(EACs) 1:1, EACs 1:2, EACs 1:4, EACs 2:1, and EACs
4:1. The contact time was varied from 15 min to
240 min.
From Fig. 4, it can be seen that EACs with a ratio

of 2:1 has the largest adsorption capacity. However,
the continuous addition of eggshell powder until it
reaches an eggshell-alginate ratio of 4:1 can result in
the size of the EACs being larger than before which
results in a lower surface area of the adsorbent.
Moreover, it can also be seen from the figure that in
all variations of adsorbent composition, the
adsorption capacity of EACs for RhB increases
rapidly in the first 50 min and continued to increase
until it reaches the adsorption equilibrium at
180 min then the curve becomes relatively flat af-
terward. The results imply that the adsorbent is
saturated and is difficult to adsorb RhB molecules
after 180 min.

3.2.2. Effect of pH
The effect of pH was evaluated at pH values of 2.0,

3.0, 4.0, 5.0, 6.0, and 7.0. The results showed that the
higher the pH, the higher the adsorption capacity of
EACs for RhB. This is related to the ionic state of the
alginate in the EACs at a certain pH. Guluronic acid
and mannuronic acid have pKa values of 3.65 and
3.38, respectively. At a pH above the pKa value, the
alginate is deprotonated and negatively charged
which increases the adsorption capacity of EACs for
RhB. However, after reaching around pH 4, the
adsorption capacity tends to decrease with
increasing pH which can be attributed to the low
electrostatic interactions between RhB molecules
and the adsorbent.

3.2.3. Effect of adsorbent dosage
The effect of EACs dosage on the adsorption ca-

pacity was investigated by contacting 25 mL of
20 ppm RhB solution to the adsorbent for 180 min at
25 ± 0.5 �C with an agitation speed of 100 rpm and
pH 4. Different amounts of adsorbents (0.05, 0.1,
0.25, 0.5, 0.75, 1 g) were added to the solution. From
Fig. 5, it is obvious that increasing EACs dosage at
constant RhB concentration resulted in a decrease in
adsorption capacity which could be attributed to the
saturation of the adsorption sites mainly due to
particle interactions.

3.2.4. Effect of initial concentration
The effect of initial concentration on RhB

adsorption by EACs was investigated by contacting
0.1 g of EACs with 25 mL of RhB solution with
varying concentrations in the range of 5e500 ppm at
pH 4 with an agitation speed of 100 rpm for 180 min
and a temperature of 25 ± 0.5 �C.

Table 1. Adsorbent surface properties by surface area analyzer.

Adsorbents Surface area
(m2/g)

Pore volume
(cc/g)

Average pore
diameter (Å)

Eggshells 2.713 1.871 � 10�2 2.758 � 102

Ca-alginate 10.58 4.593 � 10�2 1.736 � 102

EACs 6.102 2.847 � 10�2 1.866 � 102

0 50 100 150 200 250
0.0

0.2

0.4

0.6

0.8

1.0

1.2

)g/g
m(

q

Contact time (min)

 Ca-Alginate
 Eggshells
 EACs (1:1)
 EACs (1:2)
 EACs (1:4)
 EACs (2:1)
 EACs (4:1)

Fig. 4. Effect of contact time on RhB removal (initial dye concentration
20 ppm; agitation speed 100 rpm).
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From Fig. 6 it can be seen that the higher the
initial concentration in contact with the adsorbent,
the higher the adsorption capacity of EACs for RhB.
This is because, at higher concentrations, the num-
ber of RhB molecules in the solution becomes larger
which makes the opportunity for RhB molecules to
interact with the active site on the EACs greater than
at low concentrations. However, at a concentration
of 400e500 ppm, there was no significant increase in
adsorption capacity because the EACs had reached
the saturation point.

3.3. Adsorption isotherm studies

In this study, equilibrium data were analyzed
using Langmuir, Freundlich, and Sips isotherms
models to predict the validity of experimental data.
Langmuir's isotherm theory assumes that a surface

consisting of identical sites leads to the formation of
a monolayer of adsorbate over a homogeneous
adsorbent surface. Langmuir adsorption isotherm is
described by the following equation [18,19]:

1
qe
¼ 1�

KLqm
�
Ce

þ 1
qm

ð2Þ

where qe is the amount of RhB adsorbed per unit
weight of adsorbent (mg g�1), qm is the maximum
adsorption capacity (mg g�1), KL is the Langmuir
constant (L mg�1), and Ce is the adsorbate concen-
tration at equilibrium (mg L�1).
For comparison purposes, the experimental dye

adsorption values were also analyzed using the
Freundlich equation. The Freundlich adsorption
isothermmodel assumes a non-uniform distribution
on the surface of the adsorbent leading to the for-
mation of a heterogeneous adsorbate layer. This
isotherm model can be expressed by the equation
below [20].

log qe¼ log KF þ ðlog CeÞ
n

ð3Þ

where KF (mg1�n Ln g�1) and n are Freundlich's
adsorption constants related to adsorption capacity
and system heterogeneity, respectively.
The Sips model is a combination of the Langmuir

and Freundlich isotherm models to predict the
behavior of heterogeneous adsorption systems. At
low adsorbate concentrations, the Sips isotherm
model follows the Freundlich model, while at high
adsorbate concentrations, it follows the Langmuir
model [21] The Sips equation is represented by
equation (4) [22].

log
�

qe�
qm � qe

�
¼ 1
n
log Ce þ log KS ð4Þ

where KS (mg�1/n L�1/n) is Sip's adsorption con-
stants and n is adsorption intensity. To determine
the type of isotherm model that is suitable for RhB
adsorption by EACs, linearity studies were carried
out for the three isotherm models and the results
can be seen in Table 2.
Table 2 presents the correlation coefficients (R2)

for the Langmuir, Freundlich, and Sips isotherm
models applied to the adsorption of RhB onto EACs.
The Langmuir model exhibits a higher correlation
coefficient (R2 ¼ 0.9995) compared to the Freundlich
model (R2 ¼ 0.9925) and the Sips model
(R2 ¼ 0.9788). This suggests that the Langmuir
isotherm model provides a better fit to the equilib-
rium data, indicating that the adsorption of RhB on
EACs follows a monolayer adsorption process.

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

)g/g
m( q

Dosage of adsorbent (g/25 mL solution)

Fig. 5. Effect of adsorbent dosage on adsorption capacity ((initial dye
concentration 20 ppm; agitation speed at 100 rpm for 180 min; pH 4).
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0
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)g/g
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Fig. 6. Effect of initial concentration on adsorption capacity (adsorbent
dosage 0.1 g; agitation speed at 100 rpm for 180 min; pH 4).
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Fig. 7 illustrates the comparison of the adsorption
isotherm curves for RhB removal using EACs. It is
evident from the figure that the experimental data
align well with the Langmuir adsorption isotherm
model, further supporting the appropriateness of
this model for describing the adsorption process.
The adsorption capacity of EACs for RhB is deter-
mined to be 151.51 mg/g, with a relative standard
deviation (RSD) value of 0.552%.
The high correlation coefficient (R2) for the

Langmuir model, the good fit between the experi-
mental data and the Langmuir adsorption isotherm
curve, and the low RSD value indicate that the
adsorption of RhB onto EACs occurs through a ho-
mogenous monolayer adsorption mechanism. This
finding underscores the effectiveness of EACs as
adsorbents for the removal of RhB from aqueous
solutions.
Overall, the results obtained from the comparison

of adsorption isotherm models and the analysis of
the adsorption isotherm curves confirm the favor-
able performance of EACs in adsorbing RhB, with
the Langmuir isotherm model providing the most
accurate description of the adsorption process.

3.4. Effect of temperatures and thermodynamics
study

The effect of temperature on the adsorption ca-
pacity of EACs for RhB was investigated by con-
tacting a 15 mL RhB solution with a concentration
range of 5e500 ppm with 0.1 g of EACs at pH 4 with
a stirring speed of 100 rpm for 180 min. The contact
process was carried out at 3 different temperatures,
26 �C (299 K), 45 �C (318 K), and 60 �C (333 K). These
data were then used to obtain information on the
thermodynamics of RhB adsorption by EACs.
Enthalpy change (DHo) and entropy change (DSo)

as thermodynamic parameters can be determined
using the van't Hoff equation below.

ln KL¼DSo

R
�DHo

RT
ð5Þ

where KL is the Langmuir isotherm constant (L/mg),
R is the universal gas constant (8.314 J/mol.K), and T
is the temperature (K).
The van't Hoff plot ln KL versus 1/T in Fig. 8

provides a straight line with an acceptable correla-
tion coefficient (R2) and can be used to determine
the DHo and DSo values from the slope and intercept
of the plot, respectively. The change in Gibbs free
energy (DGo) in the RhB adsorption process by
EACs can be calculated from the equation below.

DGo¼DHo � TDSo ð6Þ

where DGo is the change in standard free energy (J/
mol), DHo is the enthalpy change (J/mol), T is the
temperature (K), and DSo is the entropy change (J/
mol.K). The thermodynamic parameter values for

Table 2. Isotherm parameters of three models for RhB adsorption using
EACs.

Langmuir
KL (L/mg) qm (mg/g) R2

0.1 151.51 0.9995
Freundlich
n KF(mg/g) R2

0.9829 0.099 0.9925
Sips
Keq (mL/g) n R2

0.0012 0.7388 0.9788

Fig. 7. Non-linear equilibrium plots for RhB removal using EACs (pH ¼ 4, agitation speed ¼ 100 rpm, EACs dosage ¼ 0.1 g, contact time ¼ 180 min).
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RhB adsorption by EACs at different solution tem-
peratures are listed in Table 3.
The thermodynamic analysis provides valuable

insights into the adsorption process of RhB onto
EACs. The negative value of DHo (�6.211 kJ/mol)
indicates that the adsorption is exothermic, meaning
that heat is released during the adsorption process.
This suggests that the interaction between RhB and
EACs involves a favorable and energetically stable
binding.
Moreover, the positive value of DSo (1.788 J/mol$K)

indicates an increase in the degree of disorder at the
solideliquid interface during the adsorption process.
This suggests that the adsorption of RhB onto EACs
involves an increase in randomness or freedom of
movement at the molecular level, which is typical for
physical adsorption.
The negative values of DGo demonstrate the

feasibility and spontaneity of the adsorption process
within the studied temperature range. This implies
that the adsorption of RhB onto EACs occurs
spontaneously without the need for external energy
input. Furthermore, it is noteworthy that the change
in free energy (DGo) decreases with increasing
temperature. This observation suggests that higher
temperatures promote a more favorable adsorption
process, leading to an increase in the adsorption
capacity of EACs for RhB. This behavior can be
attributed to enhanced molecular interactions and

improved diffusion of RhB molecules onto the
adsorbent surface at higher temperatures.

3.5. Kinetics studies

In this study, kinetic studies were conducted to
investigate the adsorption of RhB onto EACs as a
function of concentration and contact time. The
concentrations of RhB used ranged from 50 ppm to
500 ppm, and the contact times varied from 15 to
180 min. The kinetic behavior of the adsorption
process was analyzed by plotting ln (qe-q) against
time for different RhB concentrations, as shown in
Fig. 9. It can be observed from the plot that the
adsorption of RhB onto EACs does not follow the
pseudo-first-order rate kinetics. The pseudo-first-
order model equation, represented by a linear
equation, can be described as [23].

ln
�
qe�qt

�¼ ln qe � k1t ð7Þ

where qt and qe (mg g�1) are the binding amounts of
MIP-NFs and NIP-NFs at contact time (t) and the

Fig. 8. Van't Hoff plot for RhB removal using EACs at different solution
temperatures (pH ¼ 4, agitation speed ¼ 100 rpm, EACs dosage ¼ 0.1 g,
contact time ¼ 180 min.

Table 3. Parameters of RhB adsorption thermodynamics by EACs.

T (K) DHo (kJ/mol) DSo J/mol.K DGo (kJ/mol)

299 �6.746
318 �6.211 1.788 �6.780
333 �6.807

Fig. 9. a) Pseudo-first-order and b) pseudo-second-order plots for
different initial dye concentrations removal using EACs (pH ¼ 4,
agitation speed ¼ 100 rpm, EACs dosage ¼ 0.1 g).
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equilibrium adsorption capacity of MIP-NFs and
NIP-NFs, respectively, k1 (min�1) is the pseudo-
first-order kinetic constant.
The pseudo-second-order model assumes that the

adsorption rate is directly proportional to the square
of the adsorbate's quantity on the surface of the
adsorbent [24]. The linear equation representing the
pseudo-second-order kinetic model can be
expressed as follows.

t
qt
¼ 1�

k2q2e
�þ t

qe
ð8Þ

where t is the contact time (min), qt is the amount of
adsorbate adsorbed at time t (mg/g), qe is the
equilibrium adsorption capacity (mg/g), and k is the
pseudo-second-order rate constant (g/mg$min).
This model provides a better fit for the experimental
data and allows for a more accurate prediction of the
adsorption behavior of RhB onto EACs.
The parameter values and correlation coefficients

of each adsorption kinetics are presented in Table 4.
The obtained correlation coefficients for the pseudo-
second-order kinetic model are all greater than 0.99,
indicating a strong fit between the experimental
data and the model. This suggests that the adsorp-
tion kinetics of RhB by EACs can be accurately
described by the pseudo-second-order model. The
high correlation coefficients validate the hypothesis
that the adsorption of RhB onto EACs involves a
chemical adsorption process. It indicates that the
RhB molecules in the solution form chemical bonds
with the adsorbent, leading to a strong attachment
between the dye molecules and the EACs surface.

3.6. Comparison to other adsorbents

The maximum adsorption capacities of RhB re-
ported for various low-cost and environmentally
friendly adsorbents are summarized in Table 5. It
can be observed that the adsorption capacities vary
for each type of adsorbent due to their distinct
characteristics. In comparison to other adsorbents,
EACs exhibit a relatively high maximum adsorption
capacity value. This suggests that EACs possess a
strong potential for further development as effective
adsorbents for the removal of RhB from wastewater.

The favorable adsorption capacity of EACs suggests
their suitability for addressing the challenge of RhB
contamination in water treatment processes.

4. Conclusion

In conclusion, this study successfully synthesized
and characterized eggshell-alginate composites
(EACs) and evaluated their efficacy as adsorbents
for Rhodamine B (RhB) removal. TGA analysis
confirmed the superior thermal resistance of EACs
compared to Ca-alginate. The BET method revealed
a substantial surface area of 6.102 m2/g for EACs,
while the BJH method highlighted their abundance
of mesopores. The adsorption capacity of EACs for
RhB was found to be influenced by various factors,
including contact time, pH, adsorbent dose, and
RhB concentration. Notably, EACs exhibited a
maximum adsorption capacity of 151.51 mg/g,
following the pseudo-second-order kinetics model
and Langmuir adsorption isotherm. The negative
value of DHo indicated an exothermic adsorption
process, while the positive value of DSo suggested
an increasing degree of disorder at the solideliquid
interface. Furthermore, the negative values of DGo

confirmed the feasibility and spontaneous nature of
the adsorption process within the studied temper-
ature range. Compared to other adsorbents, EACs
demonstrated a relatively high maximum adsorp-
tion capacity, underscoring their promising poten-
tial for RhB removal from wastewater.
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Table 4. Pseudo-first-order and pseudo-second-order parameter values.

RhB concentration
(ppm)

Pseudo-first-order Pseudo-second-order

R2 k1 (min�2) R2 k2 (min.g/mg)

50 0.9960 2.88 � 10�2 0.9985 3.574 � 10�2

100 0.9794 2.54 � 10�2 0.9989 9.299 � 10�3

250 0.9898 2.62 � 10�2 0.9997 4.759 � 10�3

500 0.9623 2.67 � 10�2 0.9994 1.859 � 10�3

Table 5. Low-cost materials as adsorbents for RhB.

Adsorbent qm (mg/g) References

Pomegranate peel 30.47 [22]
Commercial Activated Carbon 46.2 [25]
Black tea leaves 53.2 [26]
Biochar obtained from hydrochar

pyrolysis using bamboo shoot
shells

85.8 [27]

Modified banyan aerial roots 115.23 [28]
Hydrothermally synthesized zinc

oxide-loaded activated carbon
(ZnO-AC)

128.2 [29]

Waste of seeds of Aleurites
Moluccana,

178 [30]

Eggshells-alginate composites 151.51 this study
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